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This study was focused on how to improve the gas sensing properties of resistive gas sensors based on reduced graphene oxide. Sol-airbrush technology was utilized to prepare reduced graphene oxide films using porous zinc oxide films as supporting materials mainly for carbon dioxide sensing applications. The proposed film structure improved the sensitivity and the response/recovery speed of the sensors compared to those of the conventional ones and alleviated the restrictions of sensors' performance to the film thickness. In addition, the fabrication technology is relatively simple and has potential for mass production in industry. The improvement in the sensitivity and the response/ recovery speed is helpful for fast detection of toxic gases or vapors in environmental and industrial applications. Graphene devices are expected to have relatively low Johnson noise and 1/f noise because of their high conductance and low crystal defect density, respectively. 1 Graphenebased gas sensors have many advantages over inorganic semiconducting metal oxide-based sensors such as simple fabrication technique and low power consumption. 2 The recent improvement in graphene deposition methods has contributed to the increase in applications of the graphene material to device integration. 3, 4 However, pure graphene is intrinsically inert, 5 and graphene oxide (GO) containing numerous oxygen functional groups is electrically too insulating to be used in resistance-based sensors. Reduced graphene oxide (RGO), a kind of chemically derived graphene, is conductive and has chemically active defect sites, which makes it a potential candidate for the active materials. [6] [7] [8] [9] Meanwhile, suspended graphene has attracted more and more attention from researchers. [10] [11] [12] [13] However, the fabrication technology of suspended graphene is complicated and could not be used in mass production due to its high cost. Restriction of sensing performance of gas sensors by the thickness of their sensing films is a ubiquitous issue to be solved. [14] [15] [16] [17] In this paper, we report gas sensors based on an improved sensing film structure for carbon dioxide detection at room temperature. Sol-airbrush technology was utilized to prepare the reduced graphene oxide film with porous zinc oxide (ZnO) film as a supporting material for gas sensing applications.
1 ml of RGO aqueous solution (0.43 wt. %, RGO: 96.41% C, 3.59% O, 1-10 layers) was diluted to 0.09 wt. % by using deionized water. Zinc oxide (ZnO) thin films were prepared by a sol-gel method. The preparation process is as follows: zinc acetate dihydrate (Zn (CH 3 COO) 2 Á2H 2 O) was used as a starting material, which was mixed and dissolved in an appropriate amount of ethanol. Then the right amount of ethanolamine (C 2 H 7 NO) was added as a stabilizer. The solution was stirred at 60 C for 2 h to yield a stable and homogenous solution, which served as a precursor solution. Consecutively, the precursor solution was taken separately, and the glacial acetic acid or ammonia was then added into the precursor solution under stirring drop by drop until the pH value reached 9. Then the treated solution was deposited on clean and dried interdigitated electrodes (IDEs) by airbrush technology. The IDEs with as-deposited films were then put into a muffle furnace at an annealing temperature of 450 C for 3 h. After natural cooling, ZnO thin films were formed on IDEs. The structure of the prepared sensors and the fabrication method of the IDEs were described in our previous work. 18 Two kinds of sensing films were prepared as follows:
(1) Single-layer film preparation: The diluted RGO solution was airbrushed onto IDEs, and then the IDEs were placed into a vacuum oven at 100 C for two days. (2) Two-step film preparation: first, the Zn(CH 3 COOH) 2 sol was airbrushed onto IDEs, and then the IDEs were placed into a muffle furnace at 450 C for 3 h to obtain porous films of ZnO. Second, the diluted RGO solution was airbrushed onto the ZnO film followed by a vacuum drying at 100 C for two days.
The testing apparatus for gas sensing was shown in Figure 1 . Dry air was used as a carrier, dilution, and purge gas to attain a real measurement environment. All the measurement results were obtained at room temperature in air atmosphere. Gas or vapor concentration is controlled by a mass flow controller (MT50-4J, Beijing Metron Instruments Co. Ltd., China) or MF-3C dynamic vapor generator (China National Metrology Technology Development Co.). Sensors under-test were fixed into an air-tight metal chamber, and then purged by air to ensure a negligible effect of ambient humidity on the sensors' performance. In addition, the total flow rate was kept at a constant value to attain a stable baseline. Electric resistances of the sensors under-test were measured using Keithley 2700 multimeter/Data Acquisition System and collected in real-time using a PC with corresponding data acquisition hardware and software.
The sensing response was defined as DR/R 0 , DR ¼ R g -R 0 , R g represents the real-time electric resistance when a target gas was introduced, and R 0 represents the baseline electric resistance, which should be stabilized before introducing the target gas at a fixed total flow rate. Sensitivity is defined as
C t is denoted as concentration of target gas. The slopes of fitting lines of the sensing response vs. concentration curves represent the sensitivity S of the tested sensors. 19 The response time and recovery time are defined as the time taken by the sensor to achieve 90% of the total resistance change during the adsorption and desorption process, respectively.
The conventional sensing film is shown in Figure 2 (a). The RGO material was deposited directly in contact with IDEs, and few gaps existed between the RGO film and IDEs. However, in the case of formation of a supporting material, the ZnO film, on IDEs, the most part of RGO was supported by the ZnO film, and only a small fraction of RGO was in touch with IDEs through the cracks between ZnO granules as depicted in Figure 2 (b).
The ZnO film had an uneven and porous surface as shown in Figure 3 (a) with its cross section displayed in Figure 3 (b). It could be concluded that more gaps would exist between the RGO film and the rough ZnO film in the two-step film structure. The surface of the two-step film would be rougher than the counterpart using only RGO. This is consistent with the information obtained in Figures 3(c)  and 3(d) . Therefore, on exposure to the target gas at a fixed concentration level, more adsorption sites exist in the twostep film structure and more gas molecules can access the adsorption sites from all directions because the gas molecules can diffuse not only from the surface but also from the sides through gaps between RGO and the ZnO supporting layer. For the conventional thin film sensors, their sensitivities become saturated after the film thickness increases to some point. We believe that the two-step film structure may alleviate this restriction because of the above analysis. Sensors 1-3 were based on two-step films, and sensor 4 was fabricated using a single-layer RGO film. The detailed information of all the fabricated sensors was shown in Table I .
The real-time sensing curves of Sensors 1 and 4 were shown in Figures 4(a) and 4(b) . It is clearly seen that the electric resistance increases quickly as carbon dioxide is induced. RGO demonstrates p-type semiconducting behavior in air most likely due to the polarization of adsorbed molecules (e.g., water and O 2 ) and/or defects introduced on the graphene sheets during the preparation or reduction process. 20, 21 Purging with the aid of a carrier gas has a negligible effect on dynamic desorption of adsorbed oxygen 22 from binding sites of the RGO at room temperature, and physisorption of CO 2 gas molecules on the graphene sheet is the dominant sensing mechanism. 23 Meanwhile, zinc oxide is nonconductive and does not have any sensing response to carbon dioxide at room temperature, which was confirmed in our experiments, and its sensing curve was not shown in this paper. It is well known that carbon dioxide is neither an oxidizing gas nor a reducing gas at room temperature. RGO is hole conduction because electrons are transferred from graphene atoms to oxygen atoms. The electric resistance increase in dry air atmosphere is due to replacement of oxygen molecules by carbon dioxide molecules, resulting in reduction of charged holes. The electric resistance recovered to initial value when the sensor was purged by dry air by replacing carbon dioxide molecules with oxygen molecules existing in air. In order to show that CO 2 molecules were indeed adsorbed onto the RGO film, one sensor containing RGO film was successively exposed to 5000 ppm carbon dioxide with air or nitrogen as a carrier gas, and the relevant real-time sensing responses are shown in Figure 4(d) . The results suggest that in the nitrogen atmosphere, electric resistance of the RGO film increases when exposure to CO 2 . RGO is insensitive to nitrogen gas because nitrogen is inert at room temperature. Therefore, it can be concluded that carbon dioxide molecules were adsorbed on the RGO film, resulting in the change of the RGO electric resistance. Another phenomenon was that the sensing response was stronger for the sensor in air atmosphere than that in nitrogen atmosphere, which may need further investigation. On exposure to carbon dioxide gas, the total electric resistance of the RGO/ZnO film varied. The single-layer ZnO film is nonconductive at room temperature irrespective of carbon dioxide gas adsorption or not. The sorption sites may exist in the ZnO film, which, however, only contribute negligible sensing response of the RGO/ZnO film. If the ZnO film was compact without pores, the subsequently deposited RGO film would be prevented from contacting the IDEs, and the RGO/ ZnO film would be as insulating as the single-layer ZnO film. Therefore, the electric resistance variation of RGO/ ZnO film does not only result from the RGO film but also the interaction of RGO film and ZnO film, and ZnO film mainly acted as supporting material for RGO film in the twostep film structure. The sensing response vs. concentration of carbon dioxide is shown in Figure 4 (c). The case for all sensors was that the sensing responses increased as concentration of carbon dioxide increased. Moreover, the two-step film sensors exhibit larger sensing responses to carbon dioxide than the single-layer RGO film sensors. Through curve linear fitting with the data obtained from Figure 4 À6 /ppm. It could be inferred that the two-step film sensors had at least 50% increase in sensitivity compared to the single RGO film sensors, i.e., the sensitivity was enhanced. To verify the improvement in sensing response and sensitivity due to the film structure difference, all sensors were exposed to ammonia, carbon monoxide, and water vapor, respectively, and the experimental results agree well with our analysis.
The quantity of deposited RGO was considered proportional to the RGO film thickness, and the fabricated sensors labeled as Sensors 5-8 were utilized to study the effect of film thickness on the sensing responses.
The sensing responses of Sensors 5-8 to various concentration levels of carbon dioxide at a constant total flow rate of 300 ml/min were studied as shown in Figure 5(a) . The sensing responses of all sensors increase as the concentration of carbon dioxide, and the responses reach saturation. Moreover, the sensing responses to a fixed concentration of carbon dioxide was nearly unchanged as the quantity of RGO was increased to some extent, as the response curves of Sensors 5 and 6 in Figure 5 (a). The sensitivity became larger as the quantity of RGO solution was added in the low concentration region, i.e., 1000 ppm-3000 ppm. But in the high concentration region, i.e., 4000 ppm-7000 ppm, Sensor 8 showed the largest sensitivity. According to the above phenomena, the film thickness seemly played a key role in sensing response and sensitivity. In another word, the sensing response and sensitivity were restricted by both the film thickness and concentrations of target gases or vapors. Besides, the real-time sensing responses of Sensors 5-8 to 1000 ppm CO 2 are shown in Figure 5 (b). It can be concluded that the response time of the sensors increases as the RGO film thickness.
To investigate the advantages of the two-step film structure over the single RGO layer structure, four sensors labeled as Sensors 9-12 were fabricated using various quantities of deposited RGO. It could be inferred from Figure 5 (c) that the response and recovery time of all sensors are within 10 s regardless of variations of concentrations of carbon dioxide gas or RGO film thickness. In addition, the response time of the RGO/ZnO film sensor is 10 s at 15 000 ppm CO 2 while that of the single RGO layer film sensor is over 1 min at 1000 ppm CO 2 . Due to the ZnO film's porosity, more targeted gas or vapor molecules could adsorb on the RGO film adjacent to the surface of the top ZnO film due to gas lateral diffusion or the film cracks. This is equivalent to the gas penetration into the inner RGO film. This means that the time it is taken for sensors to reach a steady state is greatly shortened. It can be found that Sensor 12 showed larger sensing response than that of Sensor 11 at the investigated concentration levels, while Sensors 5 and 6 have identical response curves. This suggests that carbon dioxide gas penetration into the inner RGO layer occurred in the two-step film structure, but not in the single layer RGO structure. For sensors 9 and 10, the sensing responses keep nearly constant as concentration levels of carbon dioxide increase. This is most likely due to the sensors' response reaching saturation at 10 000 ppm CO 2 . Therefore, the quantity of the RGO solution played a key role in detection of carbon dioxide. In summary, we reported an improved film structure for gas sensing applications. The proposed film structure improves sensing response and response/recovery speed of sensors compared with the conventional structure and alleviates the restrictions of sensors performance to the film thickness.
